[1] Temporary deformation in great earthquake cycles and permanent shear deformation associated with oblique plate convergence both provide critical clues for understanding geodynamics and earthquake hazard at subduction zones. In the region affected by the M w 9.5 great Chile earthquake of 1960, we have obtained GPS observations that provide information on both types of deformation. Our velocity solutions for the first time span the entire latitudinal range of the 1960 earthquake. The new observations revealed a pattern of opposing (roughly arc-normal) motion of coastal and inland sites, consistent with what was reported earlier for the northern part of this region. This finding supports the model of prolonged postseismic deformation as a result of viscoelastic stress relaxation in the mantle. The new observations also provide the first geodetic evidence for the dextral motion of an intravolcanic arc fault system and the consequent northward translation of a forearc sliver. The sliver motion can be modeled using a rate of 6.5 mm/a, accommodating about 30% of the margin-parallel component of Nazca -South America relative plate motion, with the rate diminishing to the north. Furthermore, the new GPS observations show a southward decrease in margin-normal velocities of the coastal area. We prefer explaining the southward decrease in terms of changes in the width or frictional properties of the megathrust seismogenic zone. Because of the much younger age of the subducting plate and warmer thermal regime in the south, the currently locked portion of the plate interface may be narrower. Using a three-dimensional viscoelastic finite element model of postseismic and interseismic deformation following the 1960 earthquake, we demonstrate that this explanation, although not unique, is consistent with the GPS observations to the first order.
[1] Temporary deformation in great earthquake cycles and permanent shear deformation associated with oblique plate convergence both provide critical clues for understanding geodynamics and earthquake hazard at subduction zones. In the region affected by the M w 9.5 great Chile earthquake of 1960, we have obtained GPS observations that provide information on both types of deformation. Our velocity solutions for the first time span the entire latitudinal range of the 1960 earthquake. The new observations revealed a pattern of opposing (roughly arc-normal) motion of coastal and inland sites, consistent with what was reported earlier for the northern part of this region. This finding supports the model of prolonged postseismic deformation as a result of viscoelastic stress relaxation in the mantle. The new observations also provide the first geodetic evidence for the dextral motion of an intravolcanic arc fault system and the consequent northward translation of a forearc sliver. The sliver motion can be modeled using a rate of 6.5 mm/a, accommodating about 30% of the margin-parallel component of Nazca -South America relative plate motion, with the rate diminishing to the north. Furthermore, the new GPS observations show a southward decrease in margin-normal velocities of the coastal area. We prefer explaining the southward decrease in terms of changes in the width or frictional properties of the megathrust seismogenic zone. Because of the much younger age of the subducting plate and warmer thermal regime in the south, the currently locked portion of the plate interface may be narrower. Using a three-dimensional viscoelastic finite element model of postseismic and interseismic deformation following the 1960 earthquake, we demonstrate that this explanation, although not unique, is consistent with the GPS observations to the first order.
Introduction
[2] The world's largest recorded earthquake, with a moment magnitude M w = 9.5, occurred in 1960 at the Chile margin where the Nazca plate is subducting beneath the South America plate at a rate of about 66 mm/a (Figure 1) . Kendrick et al. [1997] first reported anomalous coastward motion of a continuous Global Positioning System (GPS) site landward of the rupture zone of the earthquake, and Klotz et al. [2001] reported that sites of a GPS network, measured in 1994 and 1996, showed a pattern of opposing motion of coastal and inland sites in the region affected by this earthquake. While all coastal sites move landward, consistent with the current locking of the subduction megathrust, a group of inland sites move seaward ( Figure 1 , green arrows). Khazaradze et al. [2002] and Hu et al. [2004] explained the seaward motion as the result of prolonged postseismic deformation due to viscoelastic stress relaxation following the 1960 earthquake. However, these previous studies were limited by the spatial distribution of the then available GPS measurements. The data covered only the northern half of the 1960 rupture region (north of $42°S), although they also spanned a vast region further north.
[3] Project CAP began observing this region in 1993, and although its GPS network has been occupied on a piecemeal basis, by the end of year 2005 nearly all stations had been occupied at least twice and most had been occupied three times. The along-strike coverage of our measurements overlaps the southernmost part of that of Klotz et al. [2001] but extends farther south and beyond the southern terminus of the 1960 rupture ( Figure 1 , red arrows). Our measurements not only have confirmed the opposing motion of coastal and inland sites reported by Klotz et al. [2001] north of 42°S, but also have shown that the seaward motion of inland sites persists south of 42°S and throughout the 1960 rupture region. In addition, the new data have revealed two new features of crustal motion in the southern area ( Figure 1 ). First, nearcoast GPS velocities in the southern part of the 1960 rupture region have a much smaller landward component than do those further north. Second, although the landward motion becomes smaller as we move south along the coast, the margin-parallel motion does not decrease, indicating a northward ''rigid-body'' translation.
[4] The expanded GPS data coverage provides an opportunity for further testing the concept of prolonged postseismic deformation and to explore other processes that contribute to crustal deformation at subduction zones. The purpose of this paper is threefold: (1) to present the new GPS data, (2) to demonstrate that the above mentioned marginparallel motion of the coastal area is consistent with the northward translation of a forearc sliver as previously inferred from geological evidence, and (3) to refine the post-1960 viscoelastic deformation model of Hu et al. [2004] in the light of the new observations, especially the much smaller landward velocities of the coastal area in the south.
GPS Observations
[5] Unlike most GPS projects, our network in the zone of the 1960 rupture was not repeatedly occupied during a small number of large GPS campaigns. Instead, after initial and large campaigns in 1993 (north of $42.5°S) and in 1994 (south of $42.5°S) which barely overlapped, the network south of about 42°S was occupied on a piecemeal basis, often using just one or two roving GPS receivers, over extended periods of time between 1997 and 2005. We present horizontal velocity solutions for all our stations with a total observational time span of 4.5 a or greater (Table 1) . These data were analyzed using the GAMIT and GLOBK software, following procedures previously described by Kendrick et al. [2001 Kendrick et al. [ , 2003 and Brooks et al. [2003] . We impose a ''cratonic'' reference frame which ''fixes'' the stable core of the South America plate. This frame was realized by minimizing the horizontal velocities of 15 stations located in stable parts of the plate (including Ascension Island), and minimizing the vertical velocities of 33 stations located in the South America and several adjacent plates ( Table 2 ). The root-mean-square horizontal velocity of the 15 ''horizontal control'' stations used to impose the reference frame was 0.6 mm/a.
[6] These solutions are combined with the previously published solutions of our sister project SAGA led by GeoForschungsZentrum, Potsdam, in Germany [Klotz et al., 2001] in Figure 1 . In this latitude range, at least, the horizontal velocity bias between our frame and that used by SAGA is small ($1 mm/a) and can be neglected.
Liquine-Ofqui Fault Zone (LOFZ) and Forearc Sliver Motion
[7] The Liquine-Ofqui Fault Zone (LOFZ) is a fault system of up to 100 km width co-located with the southern Andean volcanic arc (Figures 1  and 2 ). Its right-lateral shear motion accommodates a significant part of the strike-parallel component (Table 1) are shown with red arrows. GPS velocities published by Klotz et al. [2001] are shown with green arrows. The error ellipse represents one standard deviation. The dashed line approximately indicates the rupture zone of the M w 9.5 1960 earthquake [Plafker, 1972] . LOFZ, Liquine-Ofqui Fault Zone [Cembrano et al., 2002] ; CTJ, Chile triple junction. Offshore NW-and NE-trending lines represent magnetic lineations and transform faults, respectively. The index numbers of the seafloor magnetic anomalies are as shown by Cifuentes [1989] . Inset shows the large-scale tectonic environment, with GPS stations used to define the South America reference (Table 2 ) indicated using open diamonds, including the three stations used by Klotz et al. [2001] shown as larger diamonds.
of the relative motion between the Nazca and South America plates [Hoffmann-Rothe et al., 2006] . The southern termination of LOFZ at about 46.5-47.5°S is near the Chile triple junction where the Chile spreading ridge is being subducted. The interaction of the spreading ridge with the continental forearc has had a strong impact on the motion of the southern LOFZ [Nelson et al., 1994] . There is evidence that a predecessor of LOFZ exhibited left-lateral motion in the Mesozoic [Cembrano et al., 2000] .
[8] The right-lateral motion of the LOFZ appears to have accelerated in the Middle Miocene [Cembrano et al., 2002] . The latest estimate of the average rate a GPS site velocity is expressed relative to the South America reference frame defined using GPS stations listed in Table 2 . Ve, Vn, and Vu are the east, north, and up components of velocity (mm/a), respectively, with SigVe, SigVn, and SigVu being their standard errors (mm/a). CorNE is north and east correlation coefficient. Tspan is time span of measurements in years. since Pliocene is about 36 mm/a for its southern part, decreasing northward to 13 mm/a near its northern termination [Rosenau et al., 2006] . The motion must have substantially slowed down from these rates, because the present margin-parallel component of the Nazca-South America motion is only about 23 mm/a according to geodetic observations [Angermann et al., 1999; Kendrick et al., 2003] or 28 mm/a according to the NUVEL-1a global plate motion model [DeMets et al., 1994] . The most direct evidence for its modern activity is the M s 5.3 Longuimay earthquake in 1989, the M w 6.2 Hudson earthquake in 1965, and the M w 6.2 Aisen earthquake in 2007 ( Figure 2 ). All these earthquakes are right-lateral strike-slip faulting events.
Geochemistry Geophysics
The two M w 6.2 events occurred almost in the same place. However, there have been no direct observational constraints on the LOFZ's modern rate of motion.
[9] Forearc-sliver translation accommodating the margin-parallel component of oblique convergence is a very common process at subduction zones [Fitch, 1972] . As a result of the sliver motion, the relative convergence between the sliver and the subducting plate is much less oblique, as reflected in the orientation of the slip vectors of numerous great megathrust earthquakes [e.g., Yu et al., 1993; McCaffrey, 1994] . This slip partitioning translates into a type of strain partitioning: Much of the a The reference frame is realized by minimizing the horizontal H type stations that are located within the stable core of the reference plate and the vertical velocity of V type stations that are located both within the reference plate and elsewhere. Ve, Vn, and Vu are the east, north, and up components of velocity (mm/a), respectively. Tspan is time span of measurements in years. along-strike shear is accommodated by the permanent deformation of the upper plate along fault zones such as the LOFZ, but much of the elastic strain accumulation and release in interplate great earthquake cycles takes place in the margin-normal direction. The most recent example is the M w 9.2 great Sumatra earthquake of 2004. Although the plate convergence direction is very oblique, the coseismic slip of the Sumatra megathrust as constrained by GPS observations is much less oblique [Chlieh et al., 2007] . The margin-parallel component is accommodated by the strike-slip motion of the Sumatran fault in the upper plate [Fitch, 1972; McCaffrey et al., 2000] . In some cases, forearc motion occurs without a clearly defined strike-slip fault system and may not be purely strike-slip. If the sliver motion has a margin-normal component, the distance between the trench and the stable part of the upper plate may change with time, such as at the central and southern Cascadia subduction zone [Wells et al., 1998 ] and the northern Hikurangi subduction zone [Wallace et al., 2004] .
[10] The motion of the LOFZ is evident in our GPS measurements south of 42°S (Figure 1 ), although the rate of the motion cannot be accurately determined. Around 44°S, the almost 90°difference in the direction of GPS velocities across the LOFZ can only be explained by the right-lateral shear of the fault zone. No other geological models can Figure 2 . The LOFZ and GPS velocities corrected for the strike-parallel motion of the forearc sliver west of it. Labeled large arrows are plate motion vectors relative to South America. Squares indicate locations of GPS sites. New GPS data and those from Klotz et al. [2001] are shown with red and green arrows, respectively, with onestandard-deviation error ellipses. Stars indicate epicenters of earthquakes along the LOFZ, with their focal mechanisms shown using beach-ball diagrams (lower-hemisphere stereonet projection): the 1989 M s 5.3 Lonquimay earthquake [Barrientos and Acevedo-Aránguiz, 1992] , the 1965 M w 6.2 Hudson earthquake [Chinn and Isacks, 1983] , and the 2007 M w 6.2 Aisen earthquake (U.S. Geological Survey National Earthquake Information Center: http://neic.usgs.gov/neis/qed/). 2007GC001721 explain the drastic velocity rotation over such a short distance. The southward decrease in the margin-normal component of coastal GPS velocities is very likely to be caused by a southward change in the slip and locking behavior of the megathrust seismogenic zone, which will be discussed in section 4. But the change in the seismogenic zone behavior alone cannot explain why the margin-parallel velocities do not show a similar southward decrease. Considering the geological and seismological evidence for the right-lateral shear of the LOFZ, the most reasonable explanation for the sustained margin-parallel velocity is that it reflects a net northward translation of the forearc sliver west of the LOFZ.
[11] Our GPS observations shown in Figure 1 present the first geodetic evidence for the contemporary dextral motion of the LOFZ. In terms of localizing shear strain in the volcanic arc, the weakest part of the overriding plate, to accommodate the margin-parallel component of relative plate motion, the LOFZ is similar to the Sumatran fault, although the convergence obliquity at Chile is much less than at Sumatra and the LOFZ is not as long as the Sumatran fault. However, our small number of GPS stations only allows a highly simplified deformation pattern of the LOFZ to be defined. There have been no neotectonic studies that address the current deformation rate of the LOFZ, nor how the rate decreases northward.
[12] As a working hypothesis, we consider the following simple kinematical model for the LOFZ. We assume that the translation of the southern part of the forearc sliver is at a rate represented by the average strike-parallel velocity of the three GPS sites (6.5 mm/a) within the sliver between latitudes 42°S and 44°S. This rate is about three quarters of the strike-slip component of the relative motion between the Nazca and South America plates. We further assume that the rate linearly decreases northward from 42°S to the approximate northern end of the LOFZ at 39.5°S, implying a north-south shortening of the sliver over this latitudinal range. This simple model will be tested and refined by future geodetic and geological observations. The GPS velocities after this assumed sliver motion is subtracted are shown in Figure 2 . The ''corrected'' GPS velocities west of the LOFZ are either in the opposite direction of those east of the LOFZ or negligibly small. In the following section, we use the velocity pattern of Figure 2 to constrain the model of postseismic and interseismic deformation following the 1960 earthquake. A similar approach of removing forearc motion before modeling earthquake cycle deformation has been used by Wang et al. [2003] .
Deformation Following the 1960 Chile Earthquake

Conceptual Model and Rheology
[13] As explained by Hu et al. [2004] , the seaward motion of inland GPS sites is a consequence of stress relaxation in Earth's viscoelastic mantle, in much the same way as postglacial rebound. Thrust motion of the subduction zone megathrust during a great interplate earthquake pulls the upper plate toward the trench. Because the instantaneous response of the Earth to sudden loading is elastic, stress is induced in the crust and upper mantle to resist deformation. Coseismic elastic deformation thus rapidly decreases with increasing distance from the rupture zone as is rather accurately described by elastic dislocation models. The longer-term response of the upper mantle is viscous, and the stress associated with the initial elastic deformation will relax. As the underlying mantle gradually loses its shear strength in this process, the stretching stress in the elastic lithosphere causes the lithosphere itself to move toward the trench. Therefore inland sites away from the rupture that were unable to have significant coseismic motion can slowly catch up after the earthquake, manifesting as seaward motion in GPS measurements. At the same time, coastal sites have begun to move landward as a result of the relocking of the megathrust, to accumulate strain energy for the next great earthquake. After a long time of locking, the inland sites will eventually stop their seaward motion and move landward [Wang et al., 2001] .
[14] Postseismic seaward motion of distal inland sites has also been observed in the region affected by the M w 9.2 Alaska earthquake of 1964 [Savage et al., 1999; Freymueller et al., 2000] . It is currently taking place at a fast rate in the region affected by the 2004 great Sumatra earthquake [e.g., Pollitz et al., 2006; Chlieh et al., 2007; Paul et al., 2007] , although the rate is expected to decrease substantially in the next couple of decades as can be inferred from the Chile model of Hu et al. [2004] . Hu et al. [2004] have shown that the duration of the seaward motion depends on the along-strike length of the rupture. Rupture lengths of most interplate earthquakes are less than a couple of hundred kilometers, and the seaward motion of inland sites quickly slows down before eventually reversing direction, as is observed in both the CAP and SAGA GPS networks in the region of the 1995, M w = 8, Antofagasta earthquake [e.g., .
[15] The viscoelastic mantle rheology mentioned above is of the Maxwell type, and the viscous component of the deformation is usually assumed to be Newtonian. The time for the mode of deformation to change from predominantly elastic to predominantly viscous is referred to as the
Maxwell time (T M ). With the continental upper mantle viscosity values of around 10
19 Pa s commonly used in subduction zone postseismic stress relaxation models [Wang, 2007] , T M is of the order of a decade. The rate of stress relaxation of a system consisting units of different mechanical properties depends on the exact configuration of the system. For the simple subduction zone model employed by Hu et al. [2004] and in this work (Figure 3) , which has two elastic plates and viscoelastic continental and oceanic mantle, the system is fully relaxed in about 20 T M of the continental mantle.
[16] Modern geodetic observations have shown that the linear Maxwell viscoelastic rheology, widely used in postglacial and postseismic deformation modeling, is inadequate for modeling shortterm postseismic deformation. The rate of the velocity change (deceleration of the site) within a few years of an earthquake observed at continuous GPS stations is much too fast to be explained using the linear Maxwell viscoelasticity. The mechanism of the short-term deformation is still a matter of conjecture, however. Models of short-term postseismic deformation include afterslip of the fault area around the rupture zone [Melbourne et al., 2002] , transient rheology [Pollitz et al., 2006] , and nonlinear (power law) rheology [Freed et al., 2006] . Afterslip and transient rheology are unavoidable on the basis of rupture mechanics and rock physics, but the parameters involved are practically unconstrained at present. Power law parameters are well determined in laboratories under the condition of steady state deformation (constant stress and strain rate), but it is highly debatable to what degree the steady state rheology is applicable to the transient short-term deformation.
[17] Regardless of the mechanisms of the shortterm deformation, the rate of the velocity change becomes very small a decade or more after the earthquake, such that the linear Maxwell viscoelasticity is a very reasonable approximation for decadal and century-scale deformation models [Wang, 2007] . For our purpose of modeling the deformation a few decades after the 1960 earthquake, it suffices to ''lump'' the rapid short-term deformation into the coseismic deformation. For this purpose, we need to use a rather wide coseismic rupture zone and a wide zone of downdip transition over which the slip tapers to zero (Figure 3 ).
Numerical Model
[18] Our numerical model is a modification of the three-dimensional (3-D) finite element model of Hu et al. [2004] . The model is developed in a Cartesian coordinate system. The results on the flat surface (x-y plane) of the Cartesian model mesh are mapped onto the ellipsoidal surface of the Earth via Lambert Conformal map projection for comparison with GPS observations. Free parameters are determined by trial and error through visual assessment of the fit to GPS data.
[19] The following aspects of the new model are identical to the model of Hu et al. [2004] . We use the GPS-determined Nazca-South America convergence rate of 66 mm/a [Angermann et al., 1999] , which is similar to the rate reported by Kendrick et al. [2003] , rather than the NUVEL-1a long-term tectonic rate of 80 mm/a [DeMets et al., 1994] . The viscosities of the continental mantle and oceanic mantle are assumed to be 2.5 Â 10
19 Pa s and 10 20 Pa s, respectively. The higher viscosity value for the oceanic mantle yields a more reasonable vertical deformation pattern following a model earthquake, while the horizontal deformation pattern is very insensitive to this parameter [Hu et al., 2004] . The elastic upper and lower plates are assumed to be 40 km and 30 km thick, respectively, both with a Young's modulus of 120 GPa. The mantle is assumed to have a Young's modulus of 160 GPa. The Poisson's ratio and density are uniformly 0.25 and 3300 kg/m 3 , respectively. The effect of gravity on deformation is simulated using a prestress advection approach commonly employed in postglacial rebound modeling [Peltier, 1974] . Numerically, the effect is incorporated as a restoring body force proportional to density and vertical displacement that tends to bring a perturbed system back to a hydrostatic state [Wang et al., 2001] . Faulting is modeled using a 3-D version of the split-node method [Melosh and Raefsky, 1981] . The effect of fault locking is simulated using the standard back-slip recipe, assuming processes unrelated to great earthquake cycles have been subtracted [Savage, 1983; Wang, 2007] . Downdip of the uniform coseismic slip (or interseismic backslip) zone, there is a transition zone over which the slip (or back slip) linearly tapers to zero (Figure 3) . The width of the transition zone is fixed at 2/3 that of the zone of uniform slip (or back slip). Hu et al. [2004] provided justifications for the choice of parameter values and conducted numerous tests on the sensitivity of model results to the parameters.
[20] The following aspects of the new model are different from the model of Hu et al. [2004] . Instead of a uniform convergence rate of 66 mm/a, we use a rate of 18.5 mm/a south of the Chile triple junction to represent the much slower convergence between the Antarctica plate and South America plate (Figure 1 ). This rate is obtained using an Antarctica-South America Euler vector derived by one of the authors of this paper (R.S.). It is similar to those obtained using other GPS-constrained Antarctica-South America Euler vectors reported in the literature [Sella et al., 2002; Prawirodirdjo and Bock, 2004] and is slightly smaller than the NUVEL-1a value of 20 mm/a. Compared to the model of Hu et al. [2004] , the assumed 1960 rupture extends slightly further south in order to give a better fit to the GPS data in that area, but the extension is well within uncertainties in the geological and seismological constraints on the southern termination of the rupture. Another small difference from the model of Hu et al.
[2004] is that we have made the locked zone north of the 1960 rupture wider to improve the fit to the GPS data. These modifications to the model of Hu et al. [2004] are straightforward operations. The main new challenge is to account for the southward decrease in the speed of landward motion of coastal GPS sites (Figure 2) . To explain the southward decrease, various options are available.
[21] For example, we may assume a southward narrowing of the megathrust seismogenic zone. A narrower rupture zone in 1960 and a narrower locked zone afterward can reduce the landward velocities of the coastal sites. This option is consistent with the hypothesis that the downdip width of the seismogenic zone is thermally controlled. As we move south along the margin, the age of the incoming plate gradually decreases to zero at the Chile triple junction, accompanied with an increase in heat flow [Cande et al., 1987] . The southern termination of the 1960 rupture is very likely to be related to the high temperature near the Chile triple junction. For margins with very young incoming plates, the downdip limit of the seismogenic zone is expected to be controlled by a temperature of about 350°C [Hyndman and Wang, 1993] . Although detailed thermal models are not yet available, there is no doubt that the temperature along a given megathrust depth contour increases southward, and therefore the thermally controlled downdip limit of the seismogenic zone becomes shallower.
[22] Another option is to assume no southward change in the seismogenic zone but attribute the southward decrease of coastal velocities entirely to the sliver motion discussed in section 3. This would require the motion of the southern part of the sliver to have a westward component in addition to the northward component. The northward component has been removed from velocities shown in Figure 1 to obtain velocities shown in Figure 2 . If an additional westward component were also removed, velocities in the southern part of the sliver could become similar to those to the north. We do not pursue this option, because it would require the LOFZ to have an opening rate of a few mm/a, which contradicts the current recognition of the LOFZ as a transcurrent or transpressive system.
Model Results
[23] In Figure 4 , we show the results of a model with a southward narrowing of both the 1960 rupture zone and the subsequent locked zone.
The reasoning for assuming the southward narrowing has been discussed in section 4.2. In this model, we assume a uniform coseismic slip of 20 m along strike in the rupture zone and complete locking of the locked zone afterward, as done by Hu et al. [2004] . This rupture scenario gives an M w of 9.52, similar to the seismologically determined M w of 9.5 for the 1960 event [Kanamori, 1977] .
[24] We allow the southward narrowing to occur in a stepwise fashion (Figure 4) , consistent with the along-strike stepwise change in the age of the incoming plate as indicated by offshore magnetic anomalies (Figure 1 ). The age of the oceanic plate jumps across transform faults (and their landward extension beneath the forearc) that are oriented at a large angle with the Chile trench. For example, major changes in age occur around 37-38°S and 41-42°S (Figure 1 ). Between two adjacent transform faults, the age of the plate is nearly constant. Without detailed 3-D thermal modeling, the alongstrike change in the thermal regime as a consequence of the stepwise age change cannot be quantified. Even if the temperatures were precisely known, there still is large uncertainty whether the downdip limit of the seismogenic zone exactly follows an isotherm. The widths of the rupture/ locked and transition zones for the northern half of the 1960 earthquake zone are 120 km and 80 km, the same as used by Hu et al. [2004] . The widths of the southern half are chosen to fit the GPS velocities.
[25] After numerous numerical tests, we conclude that if the width of the 1960 rupture zone and the width of the subsequent locked zone are the same, this model cannot simultaneously fit the GPS observations in both the coastal and inland areas south of 42°S. Depending on the width, the model would predict either coastal velocities that are too large or inland velocities that are too small. With the locked zone assumed to be slightly wider than the rupture zone, the model can fit the general pattern of the GPS observations reasonably well (Figure 4b ). The southward narrowing of both the 1960 rupture zone and the subsequent locked zone causes the crustal deformation pattern to be ''shifted'' toward the trench in the south. Near the trench and directly above the locked zone, the landward motion is still at the plate convergence velocity, but the velocity decreases rapidly landward and becomes zero just west of the LOFZ.
[26] The difficulty with assuming a nonuniform width of the 1960 rupture is that it cannot produce a coseismic vertical deformation pattern as uniform as that observed by Plafker in 1968 [Plafker and Savage, 1970] . His deformation pattern, particularly the ''hinge line'' between uplift and subsidence, would suggest a fairly uniform rupture width [Barrientos and Ward, 1990] . The pattern shown in Figure 4a in the northern half of the 1960 rupture zone is the same as that of Hu et al. [2004] . Here the hinge line is located more landward than Plafker's, because of the wide rupture zone used to account for the effects of continuing short-term postseismic deformation after 1968, as discussed in section 4.1 and Hu et al. [2004] . In the southern part where the seismogenic zone is assumed to be narrower, the hinge line is more consistent with that of Plafker's. If the pattern in Figure 4a is correct, it implies that the rapid short-term postseismic deformation in the south had been largely diminished when Plafker visited these sites in 1968, such that we do not need to use a widerthan-actual rupture zone for this part of the model. Conceivably, the warmer thermal regime in the south may give rise to a faster process of shortterm deformation by affecting frictional properties of the megathrust and rock rheology of the shallow part of the subduction zone.
[27] If we keep the width of the 1960 rupture zone uniform along strike, we can still satisfy the GPS observations by making the coseismic slip smaller in the southern half. In the model shown in Figure 5 , coseismic slip in the southern half of the uniform-width rupture zone is 10 m, 50% of the value in the north. The change from 20 m to 10 m slip is assumed to occur in the same place as the width change in the model shown in Figure 4 . The moment magnitude for this rupture scenario is 9.49. Fault locking after the earthquake is identical to that of the model shown in Figure 4 . A comparison of Figure 5b with Figure 4b shows that, in affecting horizontal deformation, making the coseismic slip smaller is similar to making the rupture zone narrower. The vertical deformation pattern produced by the model of uniform rupture width is more comparable with Plafker's observed pattern, except for the more landward location of the hinge line for reasons explained above.
[28] No single model can uniquely explain the GPS observations shown in Figures 1 and 2 . For a site sufficiently away from the trench, a narrower rupture zone with a larger coseismic slip or a wider rupture zone with a smaller slip can have a similar effect, a narrower locked zone with complete locking or a wider locked zone with incomplete locking can have a similar effect, and so forth. With careful matching of parameters, a model involving incomplete interseismic locking can also fit the GPS observations. A southward decrease in the thickness of the Nazca plate in the model, also compatible with its younger age in the south, can also to some degree account for the southward decrease in coastal margin-normal velocities. Given the many simplifying assumptions required to set up the numerical model, we do not think selecting the best parameter combination on the basis of a statistical measure of data fit is very meaningful. The two models shown in Figures 4 and 5 serve to demonstrate that the southward decrease in marginnormal velocities of near-coast GPS sites can be adequately explained by a southward change in the width or frictional properties of the seismogenic zone.
Conclusions
[29] 1. GPS velocities determined by campaign surveys conducted during 1993-2005 have confirmed the presence of opposing motion of coastal and inland sites previously reported by Klotz et al. [2001] for the northern part of the region affected by the M w 9.5 great Chile earthquake of 1960. The new observations show that the opposing motion is present also in the southern part and throughout the 1960 earthquake zone. The observations thus support the concept of prolonged postseismic deformation after an earthquake of very large along-strike length. The landward motion of coastal sites reflects the current locking of the plate interface, and the seaward motion of inland sites indicates viscoelastic relaxation of the stress induced by the 1960 earthquake.
[30] 2. The new GPS observations provide the first geodetic evidence for the active dextral shear motion of the LOFZ and the consequent northward translation of a forearc sliver. The observed motion of the forearc can be described as block translation at 6.5 mm/a, with the rate tapering to zero northward at the northern termination of the LOFZ. Our finding is consistent with the model of forearc sliver motion accommodating the strike-slip component of oblique plate convergence. It suggests the need for further geological and geodetic investigation of the modern motion of the LOFZ.
[31] 3. The new GPS observations indicate a southward decrease in the current margin-normal motion of the coastal area in the region of the 1960 rupture. The present data do not allow a unique and unambiguous explanation for this change. Our preferred explanation is that the southward decrease in the age of the subducting plate and consequently the increase in the temperature on the plate interface give rise to changes in the width or frictional properties of the megathrust seismogenic zone. The southern part of the presently locked portion of the plate interface is likely to be narrower. A modification of an earlier 3-D viscoelastic postseismic deformation model of Hu et al. [2004] to account for this southward change can explain the first-order pattern of the GPS observations.
